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Abstract 

In a recent flight experiment to study hypersonic 
crossflow transition, boundary layer characteristics were 
documented. A smooth steel glove was mounted on the 
first stage delta wing of Orbital Sciences Coiporation's 
Pegasus® launch vehicle and was flown at speeds of up 
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to Mach 8 and altitudes of up to 250,000 ft. The wing- 
glove experiment was flown as a secondaiy payload off 
the coast of Florida in October 1998. This paper 
describes the measurement system developed. Samples 
of the results obtained for different parts of the 
trajectory are included to show the characteristics and 
quality of the data. Thermocouples and pressure sensors 
(including Preston tubes, Stanton tubes, and a 
‘probeless’ pressure rake showing boundary layer 
profiles) measured the time-averaged flow. Surface hot- 
films and high-frequency pressure transducers measured 
flow dynamics. Because the vehicle was not 
recoverable, it was necessary to design a system for real- 
time onboard processing and transmission. Onboard 
processing included spectral averaging. The quality and 
consistency of data obtained was good and met the 
experiment requirements. 

Nomenclature 

AC alternating current 

DAPS Data Acquisition and Processing System 
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dB 

decibels 

DC 

direct current 

FTF 

flight test fixture 

g 

gravity 

kHz 

kilohertz 

M 

Mach number 

Mbit/sec 

Megabits per second 

ms 

millisecond 

mV 

millivolts 

NASA 

National Aeronautics and Space 
Administration 

OSC 

Orbital Sciences Corporation, Du 
Virginia 

PCM 

pulse code modulation 

PHYSX 

Pegasus Hypersonic Experiments 

PSD 

power spectral density 

psi 

pounds per square inch 

Re 

Reynolds number 

RMS 

root-mean-square 

sps 

samples per second 

t 

tune 

TC 

thermocouple 

V 

volts 


Introduction 


Interest in air-breathing flight at hypersonic speed has 
prompted research to improve the understanding of 
aerodynamic and aerothermodynamic flow phenomena 
over hypersonic vehicles. The understanding of 
transition from laminar to turbulent flow is of both 
fundamental and practical importance, because the 
onset of transition dictates the forebody boundary-layer 
thickness entering the inlet. It also affects local heating 
which is a critical element in the design of hypersonic 
vehicles. 

hi order to validate transition codes at Mach numbers 
and Reynolds numbers commensurate with future 
hypersonic air-breathing vehicles, a series of flight 
experiments aboard the Orbital Sciences Corporation 
(OSC), (Dulles, Virginia) Pegasus® launch vehicle were 
defined. These experiments, called PHYSX (Pegasus 
HYperSonic experiments), incrementally led to the 


identification of important transition characteristics at 
Mach numbers from 5 to 8 and altitudes above 
100,000 ft. References 1 and 2 describe the plans for 
and the development of these experiments. 

In 1994 the FX-A experiment was flown to examine 
important measurement issues, and in 1998 the FX-1 
experiment was flown using an instrumented whig 
glove. This paper focuses on the essential features of the 
measurement system and data processing techniques 
used in the latter experiment. Selected flight results are 
included in order to illustrate the quality of the data. A 
detailed analysis of the data will be reported separately. 

Note that use of trade names or names of 
manufacturers in this document does not constitute an 
official endorsement of such products or manufacturers, 
either expressed or implied, by the National Aeronautics 
and Space Administration. 

Requirements 

To carry out this experiment certain requirements 
were imposed. The aerodynamics and structure of the 
glove, measurement parameters, signal processing 
needs, and operational limitations all had to be 
accommodated. 

Aerodynamic and Glove Requirements 

In aerodynamic flight research it is often beneficial to 
conduct studies with a ‘glove,’ i.e. a geometrical shape 
mounted to a wing, external to the existing structure. To 
study the characteristics of crossflow transition, FX-1 
required a glove that amplified crossflow disturbances 
and dampened out Tollmien-Schlichting disturbances. 

For laminar and transitional flow over the glove, the 
attachment-line boundary layer needed to be laminar. As 
a rule of thumb, this means that the Reynolds number 
needed to be below 100,000 based on the radius of 
curvature at the attachment line. Furthermore, the angle 
of attack had to be small in order to obtain the required 
pressure distribution. 

Any discontinuity in the radius of curvature of the 
glove or of the vehicle-glove fairing inboard and 
upstream of the glove could cause a shock. The glove 
had to be smooth and free of waviness. The roughness 
criterion states that the Reynolds number should be 
smaller than 10 based on local free -stream velocity and 
roughness height. Acceptable waviness is on the order 
of 0.0002. 4 
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The fairing had to be lionablative in order to preclude 
contamination in the flow over the glove. To support 
design choices (enumerated in the Instrumentation 
section of this paper), the glove surface had to be 
thermally conductive and thin. 

The glove also had to be strong enough to take the 
loads experienced as the vehicle accelerates to 
supersonic speeds at an 18° angle of attack, and it had to 
be installed with minimum modification to the existing 
whig structure and with no significant change to the 
whig stresses. 

Measurement Requirements 

Since this was a code validation experiment, the 
parameters modeled in file codes were the required 
measurements. Those code parameters were transition 
location, fluctuation intensity, disturbance frequencies, 
and propagation speed and direction. Boundary 
conditions consisted of temperature distributions, 
surface pressure distribution, boundary layer profile, 
and flow direction. Mach number, Reynolds number, 
angle of attack, free-stream turbulence characteristics 
and vibration level measurements were also needed. 

The most important parameters were measured either 
with more than one technique or with multiple uses of 
the same technique. There were three reasons for this. 
The first reason was operational. The whig-glove would 
fly only once, and because there was no guarantee that 
repairs could be made to failed sensors or signal 
conditioning, measurement redundancy was required in 
order to minimize the risk of not meeting these 
requirements. Secondly, when independent techniques 
are used, uncertainties in the results from one technique 
can be reduced by having the results of another 
technique. For example, if heat flux and pressure 
changes result from the passage of transition, detecting 
both of those changes can clarify where and when 
transition did in fact begin and end. Finally, multiple 
measurements make it possible to systematically 
evaluate the effect of certain unknowns. For example, if 
it is not clear in advance what interference the physical 
size of a sensor might have on the measurement, two 
sensors of different size can be used and their results can 
be compared. 

Proven measurement techniques were used. However, 
when none existed or when a proven technique was used 
in a new way or hi a way that exceeded previous 
experience with that technique, laboratory testing (and, 
if necessary, precursor flight testing) was done to 
establish confidence in the technique. 


It was also necessary to assume that any external 
sensor or instrumentation would cause transition. Thus 
any instrumentation protruding above the glove surface 
was required to be toward the rear of the glove. 
Furthermore, computed wall streamlines were required 
in lieu of pressure ports in the leading edge region, 
because disturbances resulting from those ports would 
spread to the main portion of the glove. 

Signal Processing Requirements 

Power spectral densities (PSD), correlations in time 
and space, and statistics were required in order to 
document the physics of the transition process as 
completely as possible. For these analyses to be 
effective, the frequency content of the data needed to be 
high, up to 25 kHz. 

Ideally, eveiy time-series sample contributing to these 
analyses would be recorded. However, the total data rate 
required for doing so would have been 10 Megabits per 
second (Mbit/sec). Three operational limitations made 
recording all the data impossible: (1) the maximum real- 
time telemetiy data rate available was 0.8 Mbit/sec; 
(2) the data could not be recorded onboard the vehicle 
and processed postflight because the Pegasus® was not 
to be recovered; (3) the data could not be buffered 
onboard the vehicle and transmitted at a lower rate 
before the end of the flight because of the short flight 
time. 

Because of these limitations, the requirement emerged 
for onboard signal processing equipment that could 
acquire data at a 1 0 Mbit/sec rate and then process the 
data in some way that would fit the required content into 
a 0.8 Mbit/sec telemetiy link. The equipment would 
either need to (1) pass on enough data for meaningful 
PSDs, correlations, and statistics to be computed on the 
ground, or (2) it would need to perform the analyses in 
real-time and transmit the results, or (3) it would need to 
do a combination of (1) and (2). Since transition physics 
change appreciably as Mach number increases, any real- 
tune analysis would need to be accomplished within the 
tune that Mach number changes by 0.01; that is, within 
100 milliseconds (ms). 

Operational Requirements 

FX- 1 was planned as a secondary payload aboard the 
Pegasus because the experiment objectives could be 
met without going to the expense of purchasing a 
dedicated launch. As a result of being a secondary 
payload, however, FX-1 had to be integrated into a 
launch with the minimum possible schedule impact. 
This meant that FX-1 hardware needed to be assembled 
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independently (as much as possible) from the rest of the 
vehicle. It also meant that there might not be any 
opportunities to repair failed sensors or signal 
conditioning after integration with the primary payload. 

Initially, there was no requirement for real-time 
control room displays during the launch or during the 
captive-carry flight leading to launch. The only reason 
to have such displays would be to have the ability to 
notice system failures and repair them before launch. 
The option to repair was not going to be available to 
FX- 1 since it was a secondary payload. However, as the 
investment hi FX-1 grew with time, real-time displays 
and the option to repair critical systems became 
requirements. Since the cost of delaying a launch would 
grow as the launch grew nearer, the requirement for 
decision-tree analysis was added. The decision tree 
would systematically organize the research objectives, 
the relevant instrumentation, the potential failure modes 
of that instrumentation, and the factors involved in 
repairing that instrumentation so that the FX-1 project 
manager could know in advance what decision to make 
(to delay or not to delay) in the event of system failures. 

Vehicle Description. 

Trajectory, and Flow Field 

The Pegasus® is a three-stage solid-rocket launch 
vehicle, 4 5 designed for launch from a carrier airplane 
(currently an L-1011) at Mach 0.8 and an altitude of 
40,000 ft. The first stage of the Pegasus® has a delta 
wing with a leading-edge sweep of 45°. Figure 1 
illustrates the geometry of the Pegasus with the glove 
and its fairing on the starboard wing. The vehicle 
consists of a blunt-nosed cylindrical body of 
50 in. (1.27 m) in diameter and 50 ft (15.24 m) in 
length. Except for the glove and the ceramic-tile fairing, 
the vehicle is coated with an ablative for thermal 
protection. 

Figure 2 illustrates how the Pegasus is launched 
from the L-1011 and how the payload is put into orbit. 
Only the first-stage flight was relevant to the experiment 
since the glove was part of Stage 1. 

The time histories of Mach number, altitude, and 
angle of attack in Figure 3 illustrate the trajectory as a 
function of tune. The vehicle is dropped from the 
L-1011 at tune 0. The engine fires at time = 5 sec. 
Then the vehicle goes through Mach 1 and pitches up to 
an 18° angle of attack. With the lift provided by the 
delta whig, the vehicle begins to gam altitude. The main 
flight regime of interest for FX-1 is the portion of the 


trajectory where the angle of attack has been reduced 
almost to zero and the attachment line is laminar. 

The trajectory may also be expressed in other 
parameters related to flow conditions and 
instrumentation. Figure 4 has unit Reynolds number and 
ambient and dynamic pressures plotted against Mach 
number. The figure illustrates how the pressures change 
by almost three orders of magnitude during the first- 
stage flight. This has consequences for the measurement 
resolution of the 12-bit data acquisition system. 
Adaptive gain was not used for reliability and 
bookkeeping reasons. Instead, the gains were set to 
large values and signal saturation in the first portion of 
the flight was accepted. 

The vehicle flow field is governed by two shocks: the 
bow shock and the wing shock; i.e. the disturbance field 
of the transitional flow is processed through two shocks. 
Also, the pressure is higher than ambient and the local 
Mach number is lower. The wall temperature on the 
glove is always lower than the adiabatic wall 
temperature. 

The flow around the vehicle in general, and around 
the glove in particular, was computed extensively using 
Navier-Stokes codes, Euler codes, and boundary layer 
codes. Since the trajectory was known only in general 
terms, the sensitivity of disturbance amplification with 
respect to reference condition was explored 
systematically through computations involving the 
potential range of angle of attack, Mach number, 
Reynolds number, and wall temperature. 6 

Glove Engineering and Design 

To limit the changes to the vehicle, the experiment 
was conducted using a part-span glove mounted on the 
starboard side, with an appropriate counterweight on the 
port side. Figure 5 is a photograph of the glove mounted 
on the wing. Figure 6 is a plan view showing detail of 
the glove and fairing. 

In order to design a glove that could handle the 
thermal and structural loads, it was necessary to 
examine the trajectory in terms of local heat loads. The 
heat transfer analysis was performed using two different 
assumptions: an initial laminar and an initial turbulent 
attachment line at the leading edge with an appropriate 
transition criterion for the upper skin surface of the 
glove. 7 

The glove was made out of steel. A solid leading-edge 
structure (fig. 7) was used as a heat sink, but the rest of 
the glove had a thin skin as required. The thin skin also 
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made the thermal stress throughout the test surface 
relatively uniform. In order to meet the smoothness 
requirements, special care was taken between the 
inboard glove leading edge, the fairing, and the original 
whig surface. The glove was rigidly attached to the wing 
only at the inboard leading edge in order to account for 
differential expansion of the glove and wing during 
flight. The glove could expand parallel to the leading 
edge and back from the leading edge without adding 
mechanical stresses. 

The substructure of the glove was made of end-gram 
balsa wood smoothly contoured to the inner shape of the 
thin skin of the glove. The skin was held tightly against 
this balsa surface (but was free to slide) by 270 spring 
attachments through swivel studs bonded to the steel. 8 
The glove surface was hand finished and nickel-plated 
for corrosion protection. 

A complete ground-test glove was manufactured and 
tested in the NASA Diyden Flight Loads Laboratory. 
The ground-test glove was mounted on a mock-up wing 
and exposed to the thermal loads anticipated for the 
flight glove. The thermal loads prescribed in the ground 
test were determined using a transient, three- 
dimensional finite-element analysis. 7 The 
instrumentation used in the ground test included 
thermocouples, strain gages, and heat flux sensors. 
Details of the thermal ground test are provided in 
references 9 and 10. 

Operational Aspects 

The first stage of the Pegasus® vehicle consists of a 
fuselage, a wing, and a wing/fuselage fillet. These parts 
were assembled and integrated with the second and third 
stages of the vehicle a short time (weeks) before launch. 
In order to meet the requirement for FX-1 to be 
assembled independently from the rest of the vehicle, 
FX-1 hardware was limited to installation on or in the 
whig and the wing/fuselage fillet. With a whig and a 
fillet provided by OSC, NASA was able to mount the 
glove, fairing, and instrumentation and could check the 
functionality of the instrumentation without behig tied 
directly to a part icular launch. This task was completed 
during the fall of 1996. 

The FX-1 whig and fillet was integrated with the rest 
of the vehicle at Vandenberg Air Force Base, California, 
during the summer of 1998 when a primary payload 
with a suitable trajectory and adequate weight margin 
was identified. Fmal instrumentation integration and 
calibrations were performed at tins time. Final wing 
surface quality and geometry inspection and 
documentation was performed there as well and 


compared with previous inspections at NASA and at the 
OSC Chandler, Arizona, facility. 

The Pegasus® was ferried to Cape Canaveral Air 
Station, Florida, where launch operations took place. 
Real-time control room displays had been developed for 
monitoring all essential FX-1 parameters. The decision 
tree had made clear what backup instrumentation was 
necessary to have on hand and what courses of action 
would be taken depending on what failures occurred and 
when they occurred. The displays and the decision tree 
proved to be invaluable tools. 

Instrumentation 

FX-1 instrumentation was divided up conceptually 
into low-frequency and high-frequency instrumentation. 
The low-frequency instrumentation was sampled at 
300 samples per second (sps) or less and provided time- 
averaged observations of transition location, surface 
pressure distribution, boundary layer profile, flow 
direction, and vehicle body motion. High-frequency 
instrumentation was used to identify frequencies, 
wavelengths, and propagation speed and direction of 
turbulence in order to determine the reasons for changes 
in the tune-averaged observations. High-frequency 
instrumentation was also used to obtain free-stream 
turbulence and glove vibration level. 

The remainder of the required measurements (Mach 
number, Reynolds number, and angle of attack) was 
obtained independently from three sources: (1) the 
Pegasus® telemetry system (which included an inertial 
navigation system and a global positioning system); (2) 
ground-based radar tracking facilities; and (3) weather 
balloons and meterological rockets launched before and 
after the Pegasus launch as close in time as was safely 
possible. 

The onboard instrumentation made additional 
measurements that are not discussed in this paper 
(because they are not related to the measurement 
requirements for the boundary layer transition 
experiment). Those measurements were temperature of 
the ceramic fairing tiles, glove strain, and power supply 
and excitation voltages. 

Low -Frequency Instrumentation 

A proven technique for detecting transition is to 
measure local temperature development and heat 
transfer. ’ Type K foil thermocouples (TCs) were 
mounted immediately underneath the surface of the 
glove, this is the reason the glove surface had to be 
thermally conductive. Inboard, center, and outboard 
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rows of 20 to 24 TCs each were used; between those 
rows were two additional rows of four to five TCs each. 
Time histories from these thermocouples went into a 
one-dimensional inverse heat transfer analysis and a 
backwards finite difference computing technique. 11 
Both analyses allow an estimate of true surface 
temperature and heat flux. The requirement that the 
glove surface be thin came from these analyses. 
Electronic cold junction compensation was used for the 
TCs. 

A row of five Stanton tubes 14 with a Preston tube 1 ' 1 at 
each end and with local static pressure reference ports 
was installed spanwise across the glove toward the rear 
edge of the upper surface. These instruments were to 
gather additional information on the passage of 
transition. The total pressure changes drastically as 
transition moves past the tubes, and the spanwise 
measurements yield information on possible turbulent 
wedges occurring along the span of the glove. 

The surface pressure distribution was measured with 
two rows of pressure ports, one inboard row having 
32 ports and one outboard row having 40 ports. 
Computed wall streamlines were used in lieu of ports in 
the leading edge region of the inboard row since a 
disturbance from these ports would have spread to the 
main portion of the glove. Each pressure port was 
0.0625 inches in diameter. 

Traditionally, rakes with total pressure tubes are used 
to document the boundary layer shape. However, 
because the heat loads on such a rake would have been 
too high during this experiment, two ‘ probeless ’ rakes, 
based on the concepts of Keener and Hopkins, 16 were 
used. The FX-1 rakes were 6-degree half-angle wedges 
with blunt leading edges and flat sides (fig. 8). The taller 
rake had eight total pressure ports drilled in the face, 
and the highest port was 2 inches above the glove 
surface. Two ports were drilled hi the face of the shorter 
rake. Both rakes also had a pressure port on each side. 
Two rakes rather than one were used in order to have 
additional measurements close to the glove surface and 
to have data that could be used to evaluate the effect of 
probe height on the measurement. 

Tests were conducted in a hypersonic Helium-flow 
wind tunnel to compare the performance of the taller 
probeless rake with a traditional rake. These tests 
showed that Mach number had to be greater than 2 for 
the total pressure readings to provide valid information; 
readings from the ports in the subsonic part of the 
boundary layer were identical. These results are 
consistent with a theoretical calibration based on the 

1 7 

Rayleigh Pitot tube formula. 


Readings from the side ports, however, were valid at 
all Mach numbers and could be used to determine 
approximate flow direction when the shock (for flow 
greater than Mach 1) was attached. The higher the Mach 
number, the larger the angle that could be determined. 

Absolute pressure was measured through a reference 
tank using a 20-bit thermally compensated transducer. 
All other low-frequency pressures were measured by 
electronically scanned differential pressure modules 
referenced to the tank through pneumatic tubing of 
equal length, so that the time lag of all the pressure ports 
would be equal. The temperature of the differential 
modules was actively controlled, and the reference tank 
was free to vent as the flight progressed. 

The full-scale range of the differential pressure 
transducers measuring the rake and Preston tube total 
pressures was ± 10 pounds per square inch (psi). The 

full-scale range for all other low-frequency differential 
pressure measurements was ± 5 psi to provide sufficient 

resolution in the low-pressure experiment window (late 
in the flight). Thus, because of the three-order-of- 
magnitude change in pressure anticipated during flight 
(see fig. 4), the ± 5 psi transducers were overpressured 
during the high-pressure portion of the flight (early in 
the flight). Because overpressure was expected, those 
transducers were tested to ± 8 psi prior to flight, and a 

comparison of the calibrations before and after the test 
showed that overpressuring the transducers did not 
cause a change to the calibration. 

A ± 10-g three-axis accelerometer package was also 

used. It was located near the Stage 1 center of gravity 
and was used to measure vehicle body motion. 

High-Frequency Instrumentation 

Hot-film anemometry and the measurement of local 
pressure fluctuations are two proven techniques for 
identifying the frequencies, wavelengths, and 
propagation speed and direction of disturbances. 18 A 
dual hot-film sensor usable in high temperatures was 
developed specifically for FX-1. 19 The sensor had two 
orthogonal pairs of nickel thin-films deposited on a 0.5 
in. diameter cured silica plug (fig. 9) that was flush- 
mounted into the glove surface. Each pair of films 
consisted of an active element (the hot film) and a 
passive element (for sensing ambient temperature). The 
films were operated by temperature-compensated 
anemometry that maintained the hot films at an 
overheat ratio of 1.3 with respect to ambient 
temperature. Three of these dual sensors were installed 
toward the rear of the glove (fig. 8). Precursor flight 
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testing (discussed in that section of the paper) was used 
to establish confidence in the sensor design. 

An array of three high-frequency differential pressure 
transducers was installed near the dual hot-film sensors 
and was used to measure the local pressure fluctuations 
(fig. 8). Signal conditioning was set for full-scale 
readings of approximately 0.1 psi (150 dB sound 
pressure level). Because the sensing area of these 
transducers was too large and the sensing surface was 
too rough to be mounted flush with the glove surface, 
file transducers were mounted under the glove surface 
beneath pinholes. 

It was not the steady-state level of pressure but the 
high-frequency fluctuations in pressure that were of 
interest for this measurement, so any convenient volume 
of air large enough to serve as a low -pass filter was 
adequate for the reference port of these transducers. 
Therefore, the reference port was open to the inside of 
file glove. This volume vented freely during the flight. 

Although high-frequency pressure transducers had 
been used in previous transition flight experiments, 21 
some laboratory work was required to refine the 
amplitude and phase relations between the would-be 
flush-mounted transducers and the actual pinhole- 
mounted transducers. The test apparatus assembled for 
this purpose consisted of a loudspeaker and a funnel for 
guiding the sound waves down to the transducer. The 
bottom of the funnel adapter represents the glove 
surface. Figure 10 parts (a) and (b) show two test 
configurations: one with a flush-mounted transducer and 
one with a pinhole-mounted transducer. In the side wall 
of the neck of the funnel, a reference transducer was 
mounted and adjusted until the amplitude and phase of 
its signal matched those of the signal obtained with the 
flush-mounted transducer (fig. 10(a)). hi this way, the 
amplitude and phase differences obtained between the 
flush-mounted transducer and the pinhole-mounted 
transducer would be determined when the configuration 
in (fig. 10(b)) was used. Figure 10(c) is a photograph of 
file actual hardware. White noise was the stimulus for 
the calibration. Calibrations were performed both at sea 
level pressure and in a vacuum chamber set to pressures 
corresponding to altitudes of 60,000, 70,000, and 
80,000 ft. 80,000 ft was as high as the test equipment 
would operate. 

It is worth noting that pinhole mounting made it 
possible to use a transducer with a standard temperature 
range (-65 °F to 250 °F) rather than a high temperature 
range (-65 °F to 500 °F). It is also worth mentioning 


that prior to the selection of die pinhole-mounted 
approach for making this measurement, the use of 
graphite as an ablator for these transducers was tested as 
a means for protecting the transducers from high 
temperatures. That approach, however, was not pursued 
further because of the uncertain effect of ablation on 
calibration. 

Free-stream fluctuations were also measured with a 
high-frequency differential pressure transducer whose 
signal conditioning was set for full-scale readings of 
approximately 0.1 psi (150 dB sound pressure level). 
The transducer was mounted forward-facing above the 
surface of die glove in a metal housing shown hi 
figure 8. This transducer also had a standard 
temperature range and depended on file heat-sinking 
capability of the housing to keep it within range. 

Glove vibrations were measured with accelerometers. 
The root-mean-square (RMS) signal levels of these 
accelerometers were set to 5-g RMS full-scale. 

Figure 1 1 illustrates the sensor layout. It also depicts 
an example transition scenario. 

Data Acquisition System 

The data acquisition system was located in the 
wing/fuselage fillet of the Pegasus. Low-frequency 
instrumentation was connected to a 12-bit pulse code 
modulation (PCM) system through analog signal condi- 
tioning electronics. High-frequency instrumentation was 
connected to the PCM system by one or more onboard 
signal processing systems described in the next section. 
The total bit rate was 0.8 Mbit/sec. 

Onboard Signal Processing 

Three types of onboard signal processing systems 
were used for FX- 1 . The primary system was called file 
Data Acquisition and Processing System (DAPS). 
Two of these four-channel systems were used: one for 
acquiring data from two of the dual hot-film sensors and 
the other for acquiring data from the four high- 
frequency pressure transducers. Each DAPS channel 
acquired information for up to 25 kHz by sampling at 
100,000 sps. For eight channels, the total acquisition 
rate was 9.6 Mbit/sec. 

The approach selected for meeting the requirement of 
fitting nearly 10 Mbit/sec of data into a 0.8 Mbit/sec 
telemetry link was to compute the PSDs and selected 
statistics in real-time, onboard the vehicle, and pass 
them on with enough time-series data so that the 


7 

American Institute of Aeronautics and Astr onautics 



correlations and the remainder of the statistics could be 
computed on the ground postflight. The following 
paragraphs explain the rationale for this approach. 

The first consideration is the volume of the data that 
PSDs, correlations, and statistical analyses produce. 
Correlations expand the volume of data to the extent 
that computing those onboard the vehicle would have 
been counterproductive. On the other hand, spectral 
analysis often involves the ensemble averaging of PSDs. 
Averaging reduces the volume of data. Likewise, 
statistical moments also reduce the volume of data. 
Therefore, it made sense to summarize the data that 
could not be downlinked into ensemble-averaged PSDs 
and selected statistics (mean and standard deviation). 

The second consideration is related to the requirement 
that real-time analyses be accomplished within the time 
that Mach number changes by 0.01; that is, within 
100 ms. The assumption behind this requirement is that 
the boundary layer is stationary, statistically speaking, 
during this time. If this assumption is true, then an 
analysis over any sufficiently long subset of the 100 ms 
would reveal the same characteristics that an analysis 
over the whole 100 ms would reveal. The only exception 
to that statement would be that the shorter analysis 
would have lower resolution than the analysis over the 
whole 100 ms, because fewer data points are used. 

The third consideration is resolution. Since the PSDs, 
statistics, and time-series data all have to fit in the same 
0.8 Mbit/sec link, the more resolution given to the 
ensemble-averaged PSDs, the less time-series data that 
can be downlinked. Likewise, the more time-series data 
downlinked, the lower the resolution in the PSDs. For 
the following reasons, the decision was made to use 
512-point time-series records and 512-point PSDs: 
(1)512 points covered satisfactorily the tune scale of 
interest for the correlations; (2) 512 points at 
100,000 sps yields a satisfactory frequency resolution of 
approximately 200 Hz; (3) 512-point records made each 
downlinked PSD the ensemble average of a satisfactory 
number of records, namely 20 records; (4) using the 
same number of points makes it easy to compare a PSD- 
generated postflight from the time-series data with the 
downlinked PSD. The two PSDs would be similar if the 
signal was stationary. 

The time-series record that was downlinked covered 
only 5 ms of the 100 ms flight condition. In order to 
determine how well these 5 ms of data represent the 
whole 100 ms, the following computations and 
comparisons were performed. DAPS computed the 
standard deviation of each 512-point tune-series record 


that went into the ensemble-averaged PSD. For those 
records, DAPS noted and relayed the minimum, 
average, and maximum standard deviations. These 
statistics provided an indication of the consistency 
between each 5 ms subset of the 100 ms flight condition. 
Likewise, the standard deviation of the one downlinked 
time-series record would be compared to those statistics 
to determine how well the record represented the whole 
100 ms. Finally, the PSD comparison mentioned at the 
end of the previous paragraph would also provide an 
indication of how well the record represented the whole 
100 ms. 

Note that although the PSDs had 512 points, only the 
first 151 points representing frequencies up to 29 kHz 
were downlinked. The first 128 points representing 
frequencies up to 25 kHz would have been adequate, but 
the structure of the PCM downlink made it convenient 
to transmit the extra points. In contrast, the structure of 
the PCM downlink limited the downlinked time-series 
to only 498 points instead of 512 points. Although less 
than ideal, 498 was close enough to 512 to satisfy the 
rationale stated earlier for the 512-point time -series 
records. DAPS also computed and relayed the number 
of zero crossings for each 1 00 ms and transmitted frame 
counting and synchronization information. 

In addition to DAPS, two other types of onboard 
signal processing systems were used. One was a four- 
channel swept-tuned spectrum analyzer 23 which 
provided information up to 25 kHz for two of the hot- 
films and two of the high-frequency pressure 
transducers. This ‘sweep analyzer’ had been used on 
FX-A and was used on FX-1 mainly as a backup in the 
event either four-channel DAPS failed. The other type 
of signal processing system was a wideband RMS 
system. This system was used for monitoring signal 
level and for crude characterization of the hot-film, 
high-frequency pressure, and vibration signals. It 
converted the true RMS values of these high-frequency 
signals to DC levels over a 100 ms averaging time and 
passed the result to the PCM system. 

Figure 12 is a pictorial summary of the onboard 
instrumentation and signal processing used for FX-1. It 
shows the low- and high-frequency sensors and their 
connections to the PCM system through signal 
conditioning or through signal processing. 

Precursor Flight Testing 

Two flight experiments were conducted in order to 
develop the PHYSX instrumentation approach. The 
puipose for an experiment flown in June 1994 on the 
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(S) 

Pegasus Step-1 (FX-A) launch was to determine the 
vibration environment in the wing/fuselage area 
resulting from rocket burn to verify that the selected 
sensors and the sweep analyzer would tolerate the 
environment and provide useful data. A panel in the 
wing/fuselage fillet had been instrumented with surface 
hot-films, high-frequency pressure transducers and 
pressure ports of varying diameter and line lengths to 
resolve pressure lag issues for the ports in the wing 
glove. Accelerometer data showed that the majority of 
file vibrations were limited to roughly 4 kHz and that the 
maximum amplitude was reached roughly 20 seconds 
after launch. 24 

While file FX-A launch provided data for turbulent 
flow on file sidewall panel, the flight tests with the 
NASA Dryden F-15 Flight Test Fixture (FTF) provided 
data in a transitional flow. 2 The experiment served to 
verify both the functionality of the high-frequency 
sensors in a transitional environment and the ability of 
the DAPS to characterize that transitional flow. 

An array of sensors was mounted on the elliptical 
nose of the FTF, both to determine the transition 
location as a function of flight condition and to examine 
its characteristics. Thus the effect of a transition front 
sweeping past a sensor array, as anticipated for FX-1, 
could be examined. It was demonstrated that transition 
passage could be detected by the low-frequency 
measurements (Preston tubes, Stanton tubes, and hot- 
film DC level), while spectra from both hot-film and 
high-frequency pressure transducers were needed for a 
positive identification of the cause of transition. 

Results 

In this section some examples of results obtained 
from FX-1 are presented. Transition, turbulent and 
laminar flow, boundary layer profile, pressure 
distributions, vibrations and staging are discussed. 

Transition 

Figure 13 shows the time history of one thermocouple 
before and after transition passes the sensor. Because 
the transition region moves aft on the glove surface as 
time progresses (as the unit Reynolds number 
decreases), the sensor is exposed to a turbulent 
boundary layer first and then to a laminar boundary 
layer. The difference in slope clearly shows the change 
from turbulent flow to laminar flow. This figure 
illustrates the value of having abundant samples even for 
a low-frequency measurement. 


Figure 14(a) shows the time histories from a dual hot- 
film sensor during transition. Figure 14(b) shows the 
time history from one of the surface high frequency 
pressure transducers during transition. The upward 
spikes in figure 14(a) show that the flow is mostly 
laminar and contains turbulent spikes. The downward 
spikes in figure 14(b) show that the flow is mostly 
turbulent and contains laminar spikes. 

Figure 15 shows the Harness ( kurtosis ) computed 
from file DAPS time-series data for both hot-films of a 
dual hot-film sensor. Both hot-film signals exhibit peaks 
in the measure of flatness, a feature that is consistent 
with transition. Meanwhile, lack of change in the 
flatness of the free-stream turbulence measurement 
obtained by the forward-facing high-frequency pressure 
transducer indicates that the transducer was indeed 
outside the boundary layer. 

It is worth noting that the flatness computed from the 
DAPS time-series data for the three surface high- 
frequency pressure transducers also contained peaks in 
the measure of flatness. 

Turbulent and Laminar Flow 

Bridge voltage readings for one hot-film in both 
turbulent and laminar flow are shown in figure 16. The 
steady-state signal is the set of low sample-rate 
readings. The RMS signal is the output of the wideband 
RMS system for the measurement. The higher levels for 
both signals indicate turbulence and the lower levels 
indicate laminar flow. 

Figure 17 shows tune histories of standard deviation 
or RMS for one hot-film signal passed through three 
processing techniques. One curve was produced by the 
wideband RMS system. The second curve was the 
average standard deviation produced by the DAPS unit. 
The individual points are the standard deviations 
computed postflight from selected 498-point DAPS time 
series. The individual points are consistent with the 
results obtained by onboard processing. The larger 
readings are for turbulent flow, and overall, the slow 
variation of the standard deviation confirms the 
turbulent nature of the flow during this time period. 
Results from mostly laminar readings are shown for 
comparison. 

Boundary Laver Profile 

The probeless rake data confirmed the previous 
assessments that the Mach number had to be greater 
than 2 for the rake to provide valid information. In the 
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subsonic part of the boundary layer, the ports gave the 
same value. Figure 18 shows examples of Mach number 
distribution for three flight Mach numbers where the 
data is valid. The curves indicate boundary layer 
thicknesses slightly above 1 in., and the laminar case 
exhibits rake-induced separation. 

As mentioned previously, the rakes also provided 
information on the crossflow angle. Figure 19 shows the 
indicated crossflow angle for the first 40 sec of the 
flight. Free-stream crossflow was obtained from the 
taller rake, whose side ports were outside the boundary 
layer. Crossflow near the wall was obtained from the 
side ports of the shorter rake. In order to see the 
correlation between vehicle angle of attack and 
indicated crossflow angle, the regression equation for 
indicated crossflow near the wall as a function of angle 
of attack is plotted. 

Pressure Distributions 

Figure 20 shows three pressure distributions around 
the wing leading edge from the first 25 sec of the flight. 
Pressure coefficient is plotted against distance from the 
leading edge, with positive distances representing the 
top of the vehicle. For this plot, absolute pressure is the 
reference pressure used in computing the pressure 
coefficient. Time for the three curves are 5, 15, and 25 
sec following drop, respectively. Mach numbers are 0.9, 
1.3, and 1.95, respectively. And angle of attack is 14°, 
18°, and 11°, respectively. The pressure distributions are 
smooth, which is important for judging the data. 

Vibrations 

Figure 21 illustrates the drop transient response from 
an AC-coupled accelerometer measuring the vertical 
component and confirms the mode existing around 
12 Hz. The effects of this mode needs to be considered, 
because the averaging time for most of the data 
corresponds to 10 Hz. 

Sta g in g 

The instrumentation worked up to staging 

(time = 95 sec, approximately) and for most sensors 
more than 30 sec longer. It was evident that during 
staging the plume from Stage 2 blasted the glove, 
causing an immediate jump in temperature. For 
example, the temperature of one of the inboard fairing 
tiles increased as much as 800-1000 °F in 
approximately 1 sec before Stage 2 had moved far 
enough away. 


Conclusions 

Tins paper outlined the characteristics of a transition 
flight experiment for transition code validation at 
hypersonic speeds. Performing the experiment as a 
secondary payload (piggyback) on a Pegasus launch 
put severe requirements on the experiment. The design 
and fabrication of the glove, with its fairing, required 
unconventional solutions and extensive testing. Onboard 
signal processing and signal sample throughput were 
critical for the value of the experiment. 

The severe requirements also constrained the 
approach taken to designing and integrating the 
measurement system. It was necessary to use a stepwise 
approach; that is, it was necessary to verify the 
functionality of sensors and data acquisition and 
processing systems in separate tests. Moreover, multiple 
sensing and signal processing methods were used in 
order to establish data validity and to minimize the 
impact of sensor or signal conditioning failure. From an 
operational perspective, the real-time display system 
and decision-tree analysis turned out to be invaluable for 
real-time assessment of go/no-go issues. 

Even though the flight hardware had been 
manufactured and mounted on a Pegasus® wing more 
titan one year before the experiment was manifested, the 
data quality and consistency was fully adequate, and 
valuable data was obtained for a longer tune period than 
anticipated. 
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Figure 2. Illustration of Pegasus launch events. 
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Figure 3. Pegasus® trajectory as a function of time for launch vehicle containing FX-1. 
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Figure 3. Concluded. 
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Figure 4. FX- 1 trajectory represented by unit Reynolds number and ambient and dynamic pressures as a function of 
Mach number. 
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Photo by Randy Beaudoin, NASA Kennedy Space Center 


Figure 5. Photograph of glove and whig before vehicle assembly. 
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Photo by Arild Bertelrud 

Figure 8. Photograph of instrumentation mounted externally toward the rear of the glove. 


Figure 9. Photograph of dual hot-film sensor. 
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(a) Cross-sectional illustration of flush-mounted configuration. 



(b) Cross-sectional illustration of pinhole-mounted configuration. 
Figure 10. High-frequency pressure transducer calibration apparatus. 
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(c) Photograph of test apparatus. 
Figure 10. Concluded. 
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Figure 11. Sensor layout in rear part of glove with conceptual transition pattern shown. 
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Figure 12. FX-1 Onboard instrumentation and signal processing block diagram. 
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Figure 13. Time history from one thermocouple showing transition from a turbulent to a laminar boundary layer. 
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(a) Dual hot-film sensor signals. 
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(b) Surface high-frequency pressure transducer signal. 
Figure 14. Time histories for transitional flow. 



Figure 15. Flatness for the two hot-films of a dual hot-film sensor and the free-stream transducer during transition. 
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Figure 16. DC and RMS bridge voltages for one hot-film in turbulent and laminar flow. 
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Figure 17. Turbulence results obtained with multiple processing techniques from one hot-film. 
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Figure 18. Total pressure distributions from the probeless rake at three points in the trajectory. 



Figure 19. Crossflow angle indicated by probeless rake. 
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Figure 20. Pressure distribution around the leading edge for three flight conditions. 



Figure 2 1 . Drop transient for the Pegasus vehicle containing FX- 1 . 
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processing and transmission. Onboard processing included spectral averaging. The quality and consistency of 
data obtained was good and met the experiment requirements. 
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